This study aims to answer the question of whether spherical unicellular photoautotrophic eukaryotic microalgae cells, consisting of various intracellular compartments with their respective optical properties, can be modeled as homogeneous spheres with some effective complex index of refraction. The spectral radiation characteristics in the photosynthetically active region of a spherical heterogeneous microalgae cell, representative of Chlamydomonas reinhardtii and consisting of spherical compartments corresponding to the cell wall, cytoplasm, chloroplast, nucleus, and mitochondria, were estimated using the superposition T-matrix method. The effects of the presence of intracellular lipids and/or starch accumulation caused by stresses, such as nitrogen limitation, were explored. Predictions by the T-matrix method were qualitatively and quantitatively consistent with experimental measurements for various microalgae species. The volume-equivalent homogeneous sphere approximation with volume-averaged effective complex index of refraction gave accurate estimates of the spectral (i) absorption and (ii) scattering cross sections of the heterogeneous cells under both nitrogen-replete and nitrogen-limited conditions. In addition, the effect of a strongly refracting cell wall, representative of Chlorella vulgaris, was investigated. In this case, for the purpose of predicting their integral radiation characteristics, the microalgae should be represented as a coated sphere with a coating corresponding to the cell wall and a homogeneous core with volume-averaged complex index of refraction for the rest of the cell. However, both homogeneous sphere and coated sphere approximations predicted strong resonances in the scattering phase function and spectral backscattering cross section that were not observed in that of the heterogeneous cells.
INTRODUCTION
Estimating the absorption and scattering cross sections, the scattering phase function and the backscattering ratio of photosynthetic eukaryotic microalgae cells have been a subject of interest in various fields, including ocean optics for real-time monitoring of algal blooms using satellite remote sensing [1] [2] [3] , biofuel production [4] [5] [6] , and biomass production of value-added products [7] . In remote sensing of microalgae blooms, the objective is to monitor and detect the blooms by comparing the spatial and temporal changes in chlorophyll a (Chl a) concentration maps [8] . The latter are constructed by fitting the measured spectral reflectance with a theoretical model accounting for the dependency of microalgae's radiation characteristics on their Chl a concentration [8] [9] [10] . On the other hand, predicting and controlling light transfer through microalgae suspensions in photobioreactors (PBRs) is essential to maximize the productivity of lipid, hydrogen, and other value-added products, such as food supplements and coloring agents [11] [12] [13] [14] . Several models have been developed to relate light transfer to microalgae growth kinetics in PBRs [15] [16] [17] . Overall, light transfer models used in the above-mentioned applications are based on some solution of the radiative transfer equation and require knowledge of the radiation characteristics of the microalgae species of interest.
Estimating the radiation characteristics of eukaryotic cells is challenging due to their heterogeneous and nonspherical structures [1, 18, 19] and by the limited knowledge of the spectral optical properties of intracellular organelles [1] . In spite of their heterogeneous nature, microalgae cells have commonly been approximated as homogeneous spheres with some effective complex index of refraction for predicting their radiation characteristics [1] [2] [3] 16, [20] [21] [22] [23] [24] . This approximation can be justified, a priori, based on the small mismatch in complex index of refraction among the organelles within the cell. Pottier et al. [16] predicted the radiation characteristics of Chlamydomonas reinhardtii, based on the Lorenz-Mie theory, by treating them as spherical homogeneous cells with some effective complex index of refraction. The effective absorption index k λ;eff of each cell was expressed as a concentrationweighted sum of the pigments' specific spectral absorption coefficients while their refractive index was taken as constant over the photosynthetically active radiation (PAR) region [16] . More recently, Dauchet et al. [22] recommended the use of a wavelength-dependent effective refractive index n λ;ef f determined from the effective absorption index k λ;ef f based on the subtractive Kramers-Kronig relation.
Alternatively, Quirantes and Bernard [21] approximated microalgae cells as coated spheres such that the outer coating assumed the spectral optical properties n λ and k λ of the chloroplast while the inner core had some effective optical properties n eff ;λ and k eff ;λ representative of the cytoplasm and other organelles in the PAR region of the spectrum, between 400 and 700 nm. The coated sphere approximation was found to be superior to the homogeneous sphere approximation for retrieving the spectral optical properties of microalgae.
Moreover, Svensen et al. [25] measured the scattering phase function of C. reinhardtii cells with and without cell wall grown under optimal growth conditions. The results indicated that the measured scattering phase function in the forward direction for cells with or without a wall were nearly identical. However, cells with a wall featured a larger scattering coefficient and backscattering ratio than wall-less cells. The authors also compared qualitatively the measured phase functions with those computed by the Lorenz-Mie theory for coated spheres. The outer diameter of each coated sphere was arbitrarily set to 6 μm and the coating thickness was taken as 0, 100, or 200 nm. The refractive indices of the nonabsorbing core and coating were assumed to be 1.4 and 1.6, respectively. The effect of cell wall measured experimentally was also observed in the computed phase function of coated spheres in water. More recently, Kandilian et al. [24] compared the experimentally measured and theoretically predicted spectral radiation characteristics of polydisperse green microalgae C. reinhardtii grown under nitrogen-replete and nitrogen-limited conditions in the PAR region. The authors showed that the volume-equivalent homogeneous sphere approximation with effective optical properties n eff ;λ and k eff ;λ , estimated using the expressions proposed by Dauchet et al. [22] , led to relatively good agreement with measured spectral integral radiation characteristics of polydisperse C. reinhardtii cells. Conversely, for polydisperse C. vulgaris cells, featuring a thick and strongly refracting cell wall [26, 27] , the coated sphere approximation for (i) a nonabsorbing coating with the same thickness and constant refractive index as the cell wall and (ii) a core with spectral effective optical properties, also predicted based on [22] , led to better agreement with the measured spectral integral radiation characteristics.
Overall, previous studies were based on the assumption that a eukaryotic microalgae cell, by nature heterogeneous, can be approximated by either a homogeneous or coated sphere for the purpose of predicting their radiation characteristics. However, this assumption was never proved or disproved. Thus, it remained unclear whether and under what conditions a heterogeneous eukaryotic microalgae cell consisting of various intracellular compartments can be approximated as a volumeequivalent homogeneous sphere with some effective optical properties for predicting their spectral radiation characteristics over the PAR region. This study aims to address this question by simulating the heterogeneous nature of spherical microalgae using the T-matrix method and by representing them as a spherical cell with various spherical intracellular compartments having their own optical properties. It also aims to assess theoretically the effect of the intracellular lipid and/or starch accumulation in a cell, due to nitrogen starvation, as well as the effect of the strongly refracting cell wall observed in some species.
ANALYSIS A. Problem Statement
Let us consider a eukaryotic microalgae cell, such as Chlamydomonas reinhardtii, composed of a cell wall and various intracellular compartments, including the cytoplasm, chloroplast, nucleus, and mitochondria. In addition, metabolites such as lipid and starch bodies synthesized by the microalgae cell during nitrogen starvation could constitute additional compartments [28] . Figure 1 depicts schematics of the simulated idealized three-dimensional models of C. reinhardtii (a) without and (b) with metabolites. The nucleus (j 1) was represented by a single spherical compartment. The cytoplasm (j 2) was divided into an inner and an outer compartments. Mitochondria (j 3) were represented by nine spherical compartments located within either compartment of the cytoplasm. The cell wall (j 4) was represented by two concentric spheres separated by a distance t 4 184 nm. In general, the wall thickness of C. reinhardtii could vary from 100 to 440 nm [25] . The chloroplast (j 5) was represented by the volume (cup-shaped structure) sandwiched between the inner and outer spherical compartments of the cytoplasm.
Note that the surfaces of all the internal spherical compartments shown in Fig. 1 were nontouching. The volumes of lipids and starch were assumed to be zero under nitrogen-replete conditions and nonzero under nitrogen-limited conditions. These metabolites (j 6) were randomly located in both cytoplasm and chloroplast [29] and the volumes of the cytoplasm and chloroplast were adjusted accordingly. Table 1 summarizes the radius r j , number of spheres N j , total volume V j , and real n j;λ and imaginary k j;λ parts of the complex index of refraction of each intracellular organelles constituting the idealized heterogeneous cell. Here, the total volume V j was based on the geometric details reported in the literature [30] and their optical properties were taken from [1, 19, 31, 32] .
On the other hand, Table 2 summarizes the range of radius r 6 , number of spheres N 6 , and the total volume V 6 of lipid compartments, as well as the Chl a, chlorophyll b (Chl b), and photoprotective carotenoid (PPC) concentrations in the simulated microalgae grown under nitrogen-replete and at two different times after sudden nitrogen starvation, namely 12 and 24 h. Indeed, when subjected to nitrogen starvation, C. reinhardtii and other microalgae (e.g., N. oculata) reduce their pigment concentration Chl a, Chl b, and PPC concentrations and simultaneously increase their lipid content [5, 6, 24, 28, 33] . Here, each pigment concentration was reduced, from their values under nitrogen-replete conditions, by the same proportions as those observed experimentally for N. oculata [6] . The volume fraction of metabolites was taken as 4.2 vol. % after 12 h of nitrogen starvation and as 9.5 vol. % after 24 h. The total volume of metabolites V 6 within a microalgae cell grown under nitrogen-limited conditions was distributed between the cytoplasm and the chloroplast [29] in 74 to 104 spherical droplets having a radius ranging from 150 to 380 nm. This number of spherical lipid droplets, their radius and locations were selected arbitrarily in order to accommodate the total volume of lipids within the volume of cytoplasm and chloroplast. All geometric parameters and coordinates of the different spherical compartments are available in digital form in an Excel spreadsheet [34] .
The medium surrounding the cell was nonabsorbing with refractive index n m taken as constant and equal to 1.333, corresponding to that of water [35] . All compartments other than the chloroplast were nonabsorbing (i.e., k j;λ 0 for j 1, 2, 3, 4, 6) with different refractive indices n j;λ taken from the literature [1, 19, 32] and given in Table 1 . The refractive index n 5;λ of the chloroplast (j 5) was assumed to be constant and equal to 1.42 over the PAR region [31] . However, the chloroplast absorption index k 5;λ depended on the pigment concentrations C i (in kg∕m 3 ) and on their specific spectral absorption coefficients Ea i;λ λ (in m 2 ∕kg) according to [16] 
where the index i refers to one of the M pigments present in the chloroplast. The concentration C i of pigment i can be expressed in terms of its mass fraction w i , the density of dry material ρ dm (in kg∕m 3 ), and the in vivo volume fraction of water in the cell x w . The specific spectral absorption coefficient Research Article Ea i;λ λ of pigment i corresponding to Chl a, Chl b, and PPC was reported by Bidigare et al. [36] . The value of each pigment mass fraction w pig;i and in vivo water volume fraction x w in the cell were taken as those of C. reinhardtii reported by Pottier et al. [16] (Table 2) . On the other hand, the density of dry material ρ dm was considered to be 1400 kg∕m 3 [24] while the water volume fraction in the cell x w was taken as 0.78 [16] . The main structural component of the cell wall of C. reinhardtii is hydroxyproline rich glycoprotein [37] whose refractive index n 4;λ in the visible wavelength was reported as 1.375 [32] .
B. Prediction of Spectral Radiation Characteristics of a Heterogeneous Cell
The orientation-averaged spectral absorption hC abs;λ i and scattering hC sca;λ i cross sections of the spherical heterogeneous eukaryotic cell models (Fig. 1) were evaluated using the multiple sphere superposition T-matrix code for multiple internal sphere situations developed by Mackowski [38] . The superposition T-matrix method estimates the scattered electromagnetic (EM) field from overall heterogeneous spheres by superposing the scattered EM fields from each of the constituting spherical compartments [39] . The method uses an analytical rotation transformation rule to integrate the incident EM field over every propagation direction. Then, the orientation-averaged scattering hQ sca;λ i and extinction hQ ext;λ i efficiency factors, and the normalized Stokes scattering matrix elements [F ij Θ] of the randomly oriented multisphere structure can be obtained from operations on the T-matrix [39] . On the other hand, the orientation-averaged absorption efficiency factor can be evaluated as hQ abs;λ i hQ ext;λ i − hQ sca;λ i. Next, the orientation-averaged absorption and scattering cross sections of the heterogeneous cell were calculated from the computed absorption hQ abs;λ i and scattering hQ sca;λ i efficiency factors according to [40] hC abs∕sca;λ i hQ abs∕sca;λ iπr 2 c ;
where r c is the radius of the entire cell, including the cell wall. In addition, the asymmetry factor and the single scattering albedo were, respectively, defined as [40] g λ 1 2
Z π 0 Φ λ θ sin θ cos θdθ and ω λ hQ sca;λ i∕hQ ext;λ i;
where Φ λ θ is the azimuthally symmetric orientation-averaged scattering phase function, which depends only on the polar angle θ varying from 0°to 180°. Then, the backscattering ratio, denoted by b λ , is defined as [16] b λ 1 2
while the orientation-averaged backscattering cross section hC back;λ i is expressed as [41] hC back;λ i b λ hC sca;λ i:
C. Volume-Equivalent Homogeneous Sphere with Some Effective Optical Properties
The heterogeneous cell was approximated as a volume-equivalent homogeneous sphere having radius r c and effective complex index of refraction denoted by m eff ;λ n eff ;λ ik eff ;λ . The effective refractive n eff ;λ and absorption k eff ;λ indices were defined as a weighted sum of the refractive n j;λ and absorption k j;λ indices of the six different cell compartments according to [1] n eff ;λ X 6 j1 n j;λ f v;j and k eff ;λ X 6 j1 k j;λ f v;j ;
where f v;j is the volume fraction of the cellular compartment, such that f v;j V j ∕V c with V c being the total cell volume, i.e., V c 4πr 3 c ∕3. Here, k eff ;λ varied with wavelength through k 5;λ while n eff ;λ was constant over the PAR region. Then, the radiation characteristics of the volume-equivalent homogeneous sphere were computed using a program based on the LorenzMie theory developed by Matzler [42] . Note that this study considered volume averaging of the complex refractive indices of the different constituents of the heterogeneous cells for its simple formulation for heterogeneous cells. Indeed, it was not clear how to implement the numerous and widely used twophase effective medium approximations (e.g., Maxwell-Garnett theory, Drude, symmetric and nonsymmetric Bruggeman's models) to such multiphase systems [43] .
D. Coated Sphere Approximation
The heterogeneous cell was also approximated as a coated sphere with an outer radius identical to that of the cell r c and an inner core of radius r core ( r c − t 4 ) encompassing all the intracellular compartments. The core effective spectral refractive n core;λ and absorption k core;λ indices were estimated based on Eq. (6) but excluding the cell wall (j 4) in the summation. The volume fraction of each compartment in the core was expressed as f v;c V j ∕V core , where V core is the volume of the core, i.e., V core 4πr 3 core ∕3. On the other hand, the refractive and absorption indices of coating were that of the wall, i.e., n coat;λ n 4;λ 1.375 and k coat;λ k 4;λ 0. Here also, the absorption and scattering cross sections for the equivalent coated sphere were evaluated using Lorenz-Mie theory [42] .
RESULTS AND DISCUSSION
A. Radiation Characteristics of Microalgae Cell Grown under Stress Figure 2 depicts the orientation-averaged spectral (a) absorption hC abs;λ i and (b) scattering hC sca;λ i cross sections, (c) scattering phase function Φ 634 θ at wavelength 634 nm, and (d) the spectral backscattering ratio b λ in the PAR region for the heterogeneous eukaryotic microalgae cell composed of a weakly refracting wall (n 4;λ 1.375) and grown under nitrogenreplete and nitrogen-limited conditions. The optical properties of all other intracellular compartments were kept the same as those reported in Table 1 while the pigment concentrations corresponding to nitrogen-replete and nitrogen-limited conditions and necessary to estimate k 5;λ [Eq. (1)] were given in Table 2 . Figure 2 also compares the radiation characteristics of the heterogeneous cell with those of the volume-equivalent homogeneous sphere and coated sphere approximations previously described.
First, Fig. 2(a) reveals that the absorption cross section hC abs;λ i of all simulated microalgae cells featured absorption peaks corresponding to those of the chlorophyll a (around 435 and 676 nm) and chlorophyll b (around 475 and 650 nm) [36] . Both pigments were present in the chloroplast and were accounted for in the expression of k 5;λ given by Eq. (1). In addition, the order of magnitude of hC abs;λ i predicted was similar to that measured experimentally for N. oculata 1.5-3.5 μm in diameter [5, 6] . Figure 2 (a) also shows that the spectral absorption cross section hC abs;λ i of the cell grown under nitrogenlimited conditions was smaller than that of the cell grown under nitrogen-replete conditions and decreased with time due to the decrease in pigment concentrations associated with the increase in lipid content (Table 2 ). These observations are consistent with experimental measurements for N. oculata [5] and Anabaena cylindrica [44] . Moreover, the predictions of the spectral absorption cross section hC abs;λ i by the volume-equivalent homogeneous sphere and the coated sphere approximations were in excellent agreement (within 5%) with those by the superposition T-matrix method for all growth conditions considered. Figure 2 (b) demonstrates that the scattering cross section hC sca;λ i of the cell grown under nitrogen-limited conditions was larger than that of the cell grown under nitrogen-replete conditions. This was also consistent with experimental measurements [5] . It can be attributed to (i) the reduction in absorption by pigments and (ii) the increase in volume fraction of metabolites featuring larger refractive index n 6;λ than other intracellular compartments (Tables 1 and 2 ). Moreover, scattering dominated over absorption. In fact, the singlescattering albedo was larger than 0.9 across the PAR region for all growth conditions considered. Also, the spectral scattering cross section hC sca;λ i estimated using the volume-equivalent homogeneous sphere and the coated sphere approximations Research Article agreed well with the predictions by the superposition T-matrix method. In fact, the associated PAR-averaged relative difference was less than 6% for all growth conditions considered. However, the maximum relative error increased to 14% as the volume of metabolite increased, particularly for a wavelength less than 500 nm.
Figure 2(c) shows that the scattering phase function Φ 634 θ was strongly peaked in forward directions for all growth conditions considered. This was due to the large cell size parameter and consistent with the measured scattering phase function for a wide range of microalgae cells and growth conditions [20, 45] . In addition, the scattering phase function Φ 634 θ of the microalgae cell grown under nitrogen-limited conditions was larger than that for nitrogen-replete conditions for a scattering angle larger than 50°. This can be attributed to the larger number of refracting metabolite compartments in the cell under nitrogen limitation. This reveals that the internal structures of a microalgae cell have great influence on light scattering, particularly in the backward directions. This was also observed experimentally by Volten et al. [45] for three Microcystis samples featuring different volume fractions of gas vacuoles. Moreover, for forward scattering angle θ less than 10°, the scattering phase function predicted by the homogeneous and coated sphere approximations was in good agreement with predictions by the T-matrix method for the heterogeneous cell. In these forward directions, scattering was dominated by diffraction and predictions were not affected significantly by the choice of the model. However, for scattering angle θ larger than 20°the scattering phase function Φ 634 θ predicted by both approximations featured strong resonances that were not observed in the scattering phase function of the heterogeneous cell. This can be attributed to the fact that closely packed heterogeneities destroyed the resonances observed in a homogeneous sphere and a coated sphere resulting in a quasimonotonic phase function [18, 19, 24, 25, 45, 46] . This phenomenon was also observed theoretically for a purely scattering heterogeneous spherical cell with either spherical organelles [18] or nonspherical organelles [19] . Figure 2 (d) illustrates that backscattering by the heterogeneous cell increases with an increase in volume fraction of metabolites. The presence of a large number of metabolites within the cell led to a smooth b λ over the PAR region compared with that of the cell without metabolites. In addition, both volume-equivalent homogeneous sphere and coated sphere approximations underestimated the spectral backscattering ratio b λ across the PAR region under all growth conditions. These approximations were not appropriate for estimating scattering phase function and the spectral backscattering ratio of a heterogeneous microalgae cell. Similar conclusions were reached experimentally with various phytoplanktons [45, 47] . First, Fig. 3(a) indicates that both cells had nearly identical absorption cross section hC abs;λ i despite the fact that one of them had a highly refracting wall. In addition, the estimated absorption cross section of heterogeneous cells with weakly and strongly refracting walls predicted by the T-matrix method displayed similar peaks and valleys as that of the measured mass absorption cross sections of C. reinhardtii [4] and Chlorella sp.
[48] cells in the PAR region. Finally, the absorption cross section hC abs;λ i of two types of cells estimated using the volume-equivalent homogeneous sphere and the coated sphere approximations was in very good agreement with predictions by the superposition T-matrix method, with a maximum relative difference less than 5% and 4%, respectively. Figure 3 (b) demonstrates that for identical wall thickness, the cell with the strongly refracting wall (n 4;λ 1.5) scattered light more than the cell with the weakly refracting wall (n 4;λ 1.375) due to the greater mismatch in refractive index with the surrounding medium. Furthermore, it is evident from Figs. 2(b) and 3(b) that the effect of mismatch in the refractive index of the cell wall has great influence on the scattering cross section of a heterogeneous cell grown under nitrogen-replete conditions in comparison to the effect of intracellular compartments. Finally, the spectral scattering cross section hC sca;λ i of two types of microalgae cell revealed resonances corresponding to chlorophyll a and b absorption peak. Moreover, this figure also revealed that the volume-equivalent homogeneous sphere approximation failed to predict hC sca;λ i accurately for the heterogeneous cell with a strongly refracting wall (n 4;λ 1.5). However, in this case, predictions by the coated sphere approximation were in good agreement with those obtained by the superposition T-matrix method, with a maximum relative difference less than 6%.
Figure 3(c) shows that the scattering phase function Φ 634 θ of a heterogeneous cell with a strongly refracting wall (n 4;λ 1.5) was larger than that for a cell with a weakly refracting wall (n 4;λ 1.375) for a scattering angle greater than 10°and even more prominently in the backward directions. This was mainly due to greater mismatch in the refractive index between the cell wall and the surrounding medium. These observations were consistent with (a) in situ measurement of concentrated C. vulgaris cells in growth medium compared to that of the concentrated C. reinhardtii cells [24] , and (b) theoretical study on polydisperse three-layered spherical cells [49] . Figure 3(d) shows the spectral backscattering ratio b λ over the PAR region. It indicates that b λ was highly sensitive to the refractive index of the cell wall. Here also, the scattering phase function Φ 634 θ [ Fig. 3(c) ] and the spectral backscattering ratio b λ [ Fig. 3(d) ] predicted by the homogeneous sphere and coated sphere approximations featured strong resonances which were not observed with the heterogeneous cell. This can be attributed to the fact that, for the replete conditions simulated, the number of intracellular components was relatively small, and were widely spaced. . Finally, the homogeneous sphere approximation underestimated the scattering phase function Φ 634 θ for θ > 40°a nd the spectral backscattering ratio b λ , for the heterogeneous cell with a strongly refracting wall (n 4;λ 1.5). On the other hand, the coated sphere approximation led to somewhat better agreement in Φ 634 θ and b λ .
Overall, the above results revealed that both homogeneous and coated sphere approximations were inappropriate for estimating the scattering phase function and the spectral backscattering ratio of a heterogeneous cell with a strongly refracting wall. However, the coated sphere approximation could accurately predict the spectral absorption and scattering cross sections, the spectral asymmetry factor, and the spectral scattering albedo of a heterogeneous microalgae cell with a strongly refracting wall. These results were consistent with recent experimental measurements of the integral radiation characteristics and scattering phase function of C. reinhardtii and C. vulgaris cells under replete or nitrogen-limited conditions [24] .
CONCLUSION
This study estimated the spectral absorption and scattering cross section, the scattering phase function, and the spectral backscattering ratio, in the PAR region, of randomly oriented spherical heterogeneous eukaryotic microalgae cells enclosing various spherical intracellular organelles using the T-matrix method. The predicted orientation-averaged spectral absorption cross section of heterogeneous cells was found to be consistent with those measured experimentally and featured absorption peaks corresponding to those of Chl a and Chl b. The absorption cross section also decreased for the cells with a simultaneous increase in the fraction of metabolites and Research Article decrease in pigment concentrations caused by nitrogen-limited conditions. On the other hand, their scattering cross section increased across the PAR region. Furthermore, the cell with a strongly refracting wall displayed a large scattering cross section compared with the cell with a weakly refracting wall. Moreover, all types of cells displayed a strong peak in the phase function in the forward directions. However, the strongly refracting wall resulted in stronger backscattering. Overall, the simulation results for a single heterogeneous cell were qualitatively and quantitatively consistent with recent experimental measurements [24, 45] .
Moreover, the volume-equivalent homogeneous sphere approximation with volume-averaged effective optical properties gave good predictions of the absorption and scattering cross sections of the heterogeneous microalgae cell with a weakly refracting wall grown under nitrogen-replete and nitrogenlimited conditions. However, for the cell with a strongly refracting wall, the coated sphere approximation featuring a coating representing the cell wall and a homogeneous core with volume-averaged complex index of refraction representing the intracellular compartments led to better predictions of the integral radiation characteristics. Finally, both approximations failed to accurately predict the scattering phase function and the spectral backscattering ratio and featured strong resonances that were not observed for the heterogeneous cell.
